Purpose -The purpose of this paper is to present the results of an investigation into the effect of injection molding process parameters on the performance of direct metal laser sintered (DMLS) mold in producing quality Zytel nylon 66 plastic parts with consistency in part shrinkage and shot/part weight. Design/methodology/approach -The injection mold for an industrial component (hub gear) was fabricated in EOS M-250 machine using bronzebased material. The effect of four injection molding parameters (injection pressure, melt temperature, speed, and injection time) on part shrinkage and weight were studied experimentally using L 9 orthogonal array. The weight of the part just after ejecting from the cavity, and the average shrinkage measured after cooling, were used in grey relational analysis technique to assess the effect of each molding parameter. Further, surface properties such as surface finish, wear, scratch and corrosion resistance tests were conducted on DMLS mold material samples, in order to evaluate its use in rapid manufacturing applications. Findings -The study found that injection speed and melt temperature have significant influence on part weight and shrinkage. The optimized molding process variables were slightly more in the case of DMLS molds as compared with the parameters suggested in the plastic datasheet. Scanning electro microscope (SEM) analysis of the mold surface after producing 5,000 glass filled Nylon 66 (Zytel) moldings did not indicate any surface degradation, confirming the use of DMLS mold in rapid manufacturing of few thousands of moldings. Research limitations/implications -The grey relational analysis does not compute the effect of any two or more variables together unlike ANNOVA. Second, this study alone is not enough to estimate life of DMLS mold, although 5,000 glass filled nylon 66 moldings are successfully produced without any damage on mold surface. Practical implications -This investigation demonstrates a generic approach of using grey relational analysis to quantify the effect of different molding process variables on selected quality parameters. This method can be easily extended for new processes and materials. The preliminary tests on surface finish, scratch, wear and corrosion resistance performed on DMLS mold samples have highlighted the need for improving surface properties to enhance their life. The authors are currently working on hard coating of DMLS molds as one of the solutions. Originality/value -Use of grey relational analysis is new to the problem of injection molding process optimization. Moreover, effect of injection molding parameters on part weight and shrinkage in DMLS mold has not been studied previously. This study helps while considering DMLS molds for manufacturing few thousands of parts.
Introduction
Conventional mold making requires detailed process planning and involves a series of machining operations to generate the desired mold cavity. This consumes significant amount of time and cost. This has led to the exploration and growth of rapid prototyping (RP) based tooling, referred to as rapid tooling (RT), which has been shown to reduce mold development time by 50 percent or more (Levy et al., 2003) . These processes can be classified as direct RT, in which molds are fabricated in a RP system, or indirect RT, in which a RP master is converted into a mold using a secondary process. Recently, more than 25 RT processes are available. The most important RT processes useful for developing injection molds are listed in Table I , indicating the their parent RP process, and classification direct, indirect, soft, bridge and hard tooling. The soft and bridge tooling methods are suitable for producing molds that can be used to produce a limited number of parts. These molds usually cannot withstand the pressures and temperatures involved in conventional injection molding. The hard tooling methods enable fabricating metal tooling that can be used in injection molding machines, and result in better quality and larger quantity of parts (compared to soft and bridge tooling). The metal molds produced by the following RT processes including DTM's selective laser sintering (SLS), direct metal laser sintering (DMLS), RP-investment casting (RP-IC) and 3D Keltool could withstand conventional molding pressure and temperature (Levy et al., 2003) .
Injection molds are expected to produce parts very close to specifications. The accuracy, thermal conductivity and mechanical properties of the mold have significant influence on injection molding cycle, part quality, geometric complexity and competitiveness. The efforts made over the last few years to improve the RT capabilities compliment significant developments in materials and processes. This included adaptive slicing (Pandey et al., 2003) , build process optimization and hybrid RP (layer machining) (Karunakaran et al., 2004) . Production of die steel molds using RP patterns or directly from layered manufacturing processes is still maturing and they need further improvements in accuracy, longer-life mold material, and surface quality. Recently, Nagahanumaiah et al. (2006 Nagahanumaiah et al. ( , 2007 have developed computer-aided methodology for RT process-selection for injection molding based on mold manufacturability evaluation and cost analysis. However, the database built into this system is limited to RT process capabilities, and database is not rich enough to predict the quality of the moldings produced by the selected RT mold. This is because the processing knowledge using these new RT mold material is not very well established, leading to potential incompatibility among process capabilities, mold design and product specifications. It is therefore, essential to investigate the effect of injection molding process variables on quality of part produced using these new and non-conventional RT mold materials. This paper is focused on understanding these effects while producing glass-filled Nylon 66 (Zytel) product using DMLS bronze-based mold, which has not been studied in detail. A grey relational analysis technique has been used to quantify these effects of injection-molding process variables on selected quality parameters.
The grey relational analysis developed by Deng enables optimizing process variables for multiple quality parameters. The response of these quality factors can be considered for any of the following three criteria: higher the better, lower is the better, and the response factor is discrete value (Deng, 1989) . Grey relational analysis and its variants have been used for a variety of optimization problems. Recently, this technique has been used in EDM process to study the effect of discharge current, spar-on-time and flushing pressure on material removal rate, electrode wear rate and surface finish, while using electrodes made by DMLS process (Vijay and Nagahanumaiah, 2006) . Therefore, considering stochastic nature of injection molding process, grey relational analysis technique was selected for this study, to understand the effect of four important molding process variables on two quality parameters.
Previous work on DMLS mold
DMLS process is similar to SLS process in that it too can produce molds directly from 3D computer-aided design (CAD) model of core and cavity inserts layer by layer based on liquid phase sintering using laser. It differs from SLS in that it does not use polymer binder, and has been pioneered by EOS Germany. Figure 1 shows a schematic representation of the EOSINT M-250 machine used for producing mold inserts. It consists of a laser unit, a control computer, a build chamber, a powder dispenser, a wiper blade and a build cylinder. A 200 W CO 2 laser with spot size 0.3 mm is used for liquid phase sintering of metal powder. The mold is built on a steel plate, which facilitates mold assembly. Two different powder systems: bronze-, and steel-based (with a nitrogen atmosphere) are employed (Simchi et al., 2003) . The bronze molds can be used for more than 10,000 injection-molding cycles, and steel molds made by this process could withstand as high as 100,000 shots (Dolinsek, 2005) .
Several attempts were made to understand and improve the DMLS process, especially towards reducing the porosities in the mold. A study of microstructure of DMLS models using scanning electro microscope (SEM), revealed them to have over 20 percent porosity (Khaing et al., 2001 ). Simchi studied the issues related to residual porosity, bending strength, (Simchi et al., 2003) . Zhu extended liquid phase laser sintering technique for high purity copper-based powder, with dendrite shape and mean particle size of 40 mm, and pre-alloyed powder SCuP with spherical shape and particle size ranging from 5 to 20 mm with 60:40 by volume ratio (Zhu et al., 2003) . It has been shown that the surface finish, density and compressive strength of DMLS RT can be improved by electroless nickel plating and semi-bright nickel electroplating techniques, which enable closing most of the pores of the parent metal (Tay et al., 2002) . In summary, several RT methods have been explored for producing molds for injection molding. The non-metallic and non-ferrous materials involved impose several constraints related to mold life, injection molding cycle, part quality and accuracy. The DMLS molds are widely used for conventional injection molding, but there appears to be no published work on studying the effect of DMLS molds on injection molding cycle and part quality. This has been investigated in this work. Figure 2 shows the sequence of study and the key aspects associated in each steps. The product CAD model of an industrial component "Hub Gear" was used as an input for mold design, the mold flow filling simulation was performed to decide on runner and gating, the sprue gate was found to be more ideal. The largest diameter of the product was 76.36 mm and minimum section thickness was 2.16 mm. The cavity inserts shown in Figure 3 were fabricated using Cu-NiSn based alloy (EOS direct metal 20) powder by DMLS process on EOSINT-M250 machine. The cavity inserts of 110 £ 110 £ 54 and 110 £ 110 £ 34 mm 3 (thickness includes 20 mm thick steel base plate) were built simultaneously in 16 h. The inserts were inspected for visible defects and dimensional errors, before assembly into a standard mold base. The key observations made with these DMLS molds are listed below:
Experimental study
. Rough parting surface. Small spherical cavities were observed at parting surface, requiring surface grinding to ensure proper matching between the two halves. 
Distortion.
There was significant distortion in the mold insert; the circular cavity (larger) lost its circularity bŷ 0.2-0.5 mm. Moreover, parting surfaces (top surface of sintered mold inserts) were found to have a taper towards the outer periphery.
. Stair-step effect. The stair-step effect was not significant, since the majority of the cavity walls were either horizontal or vertical.
. Surface roughness. The measured Ra values varied from 1.6 to 2.1 mm, which were beyond the standard acceptable levels for injection molding. Hand polishing was done to facilitate part ejection.
. Dimensional accuracy. Most dimensions were within 0.3-0.6 mm from CAD dimension. Thicker sections had larger deviations.
The following secondary machining operations were performed before mold assembly:
. surface grinding of mold parting surface;
. machining of runner, gates and vents for the optimized dimensions as per the results of filling analysis performed using Mold Flow software;
. drilling and reaming of ejector holes and two guide pin holes; and . drilling and tapping of four holes on base plate (steel) of the insert for fastening purpose.
The assembled mold was finally used in microprocessorcontrolled DGM-150 injection-molding machine. The effects of four injection molding parameters on molded part shrinkage and shot/part weight has been studied experimentally, while producing glass filled Du Pont Zytel Nylon-66 moldings shown in Figure 4 . Experiments were conducted based L-9 orthogonal array, and "Grey relational analysis" technique was used to estimate the weights that represent significance of different molding process variables. These steps represented in Figure 2 are discussed next.
Selection of injection molding process variables
The quality of plastic part produced in injection molding process largely depends on polymerization process. The molding parameters have a great influence on part quality after the thermo-mechanical properties of mold material. For a fixed combination of mold material, geometry and plastic material, the process variables such as cooling time, injection pressure, melt temperature, injection speed, injection time, filling time, and mold temperature parameters have influence on the quality of injection molded parts (Shen et al., 2002) . However, considering the difficulties in controlling process variables at different levels for the experiments four key variables: injection pressure, melt temperature, injection speed and injection times were selected. Cooling time, filling time and mold temperature were maintained constant after the initial mold testing to produce the moldings without any short shot and burn marks and visible weld lines. The L-9 orthogonal array based experimental design shown in Table II was used to conduct experiments using injection molding process variables designed at three levels, denoted by 1, 2, and 3 in Table III . These levels for variables were selected based on the preliminary tests conducted using the parameters suggested in Du Pont Zytel nylon 66 resins data sheet. 3.2 Selection of molding quality parameters Although, injection molding process is widely used in industries, molder's experience play a critical role, process simulation software such as Mold flow, C-mold, Cadmold, and polymer material data sheets provide first hand information for mold trial runs. Therefore, effective quality control enables simple yet accurate testing of mold-material and parts for desired specifications and functional behavior. Quality control process becomes complicated for the materials having narrow processing window, which was not the case in our experiments with Zytel nylon material.
The widely used quality control methods in injection molding are visual control, mechanical control, weight control, dimensional stability, and viscosity control (GE Plastics w , 2008).
In visual control, there is mostly a direct correlation between appearance and properties of the molding, but decisions are influenced by molder or inspector's experience. Mechanical control methods demonstrate whether material quality and processing conditions affect the mechanical properties of the part. A common procedure is the falling dart test, which assess the component's ductility. In our case 
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Significance of each parameters (Table 7) Grey relation grades (Table 6) Grey relation coefficient (Table 6) Normalized grey relation data (Table 5) Exp. data for grey relation analysis (Table 4) Molded parts ( Assessment of significant molding parameters study, for the fixed combination of polymer material and mold, this method could rather expensive. In stress control method, producing stress free components will be the major focus, a simple and effective way of checking the stress in molded parts is observing parts after 24 h immersion in 808C solution of 100 g dish washing powder with 10 g gloss agent in 1 l of water (GE Plastics w , 2008). However, this method of testing gives qualitative information, and it is more effective in case of transparent plastic molding, which was not the case with Zytel used in this study. Viscosity comparison before and after molding is one of the way to assess the degradation of plastic inside the mold cavity, which was not practicable at investigators lab as it needs special instruments.
On the other hand, weight control and dimensional stability test methods are economical, fast and easy techniques that can be carried out at molding shop environment. Often, weight control method is preferred over dimensional methods, since the weight variations will be more readily noticeable than those of dimensions. Wide variation in weights of the molded parts can indicate insufficient production and/or machine tolerances. Stabilizing part weight in general indicates stabilized processing conditions (GE Plastics w , 2008; Shaharuddin et al., 2006) . It can also assist in checking bubbles and voids, or other deviations from filling rate of the cavity in the tool. Hence, the part weight control can be correlated to strength of the moldings produced. The shot weight (part weight) also represents the filling and cooling rates influenced by heat transfer across the mold wall (Ong et al., 2001) . Dimensional stability of the parts largely influenced by shrinkage, which is a function of thermal properties of mold, polymerization of polymer, injection and holding pressure (Vlachopoulis and Strutt, 2003) . Maintaining dimensional stability is one of the basic requirements for the products in the view of their assembly and interchangeability. Therefore, in this study weight of the part and shrinkage were selected as desired quality control parameters. Weight of the molding part was measured just after its ejection from the cavity and dimensional measurements were performed after 24 h. In shrinkage measurements, to maintain the uniformity, and to avoid the influence of RT mold error, the ratio between dimensional error and the corresponding RT mold dimension has been considered for further analysis. These calculations are explained in equations (1) and (2):
Injection molding error:
where L RT , RT dimension; L Part , part dimension (measured from the current experiments); N, number of dimensions considered ¼ 5. The experiment was conducted on DGM-150 microprocessor controlled injection molding machine. In injection molding, the process variables need some time to reach stable conditions; hence, each experiment was performed separately. While doing so, the process variables as per the experimental sets were used and material was injected outside (air shot) over 20 shots to ensure that the machine operating parameters (process variables) have reached the steady state. After reaching steady state, the parts were molded. The parts produced in 5th, 10th and 15th shots were considered for weight and dimensional (shrinkage) measurements. These experimental results are summarized in Table IV . The effects of process variables on selected part quality factors were estimated using "grey relational analysis" described in the next section. 
Optimization using grey relational analysis
In grey relational analysis, experimental results (dimensional error and weight difference) are first normalized in the range between zero and one, which is also called as grey relation generation. The grey relational coefficients are calculated from the normalized experimental data, to express the relationship between the desired and actual experimental data. The grey relational grade is computed by averaging the grey relational coefficient corresponding to each response characteristics (shrinkage and weight). The overall evaluation of molding parameters for multiple responses (shrinkage and weight) is based on the grey relational grade. The optimal level of the process parameters is the level with highest grey relational grade. Depending on the characteristics of a data sequence, there are various methodologies of data pre-processing (normalizing) available for the grey relational analysis. These include "higher is better", "lower is better" and "the target value is definite".
In this study, the desired shrinkage value of Nylon 66 ¼ 1.5 percent, hence, d ¼ 0.015 is used as targeted shrinkage of the moldings produced. Accordingly, the corresponding experimental measurements (shrinkage) were normalized using:
Similarly, higher is better characteristic was used for weight because higher the weight, stronger the molded part. The corresponding experimental measurements (weight) were normalized using: 
The normalized experimental data using equations (3) and (4), corresponding to shrinkage error and weight error are summarized in Table V. In grey relational analysis, the measure of relevancy between two sequences is defined as the grey relational grade. A reference (ideal) experimental set such that normalized measurement values equal to one was assumed for comparison. This is called as local grey relation measurement. Hence, the grey relation coefficient j i ðkÞ for kth performance characteristics in the ith experiment can be expressed as:
where D 0i is the deviation of reference sequence and the comparability sequence:
2 x * j ðkÞ ð8Þ
x * 0 ðkÞ denotes the ideal (reference) values and x * j ðkÞdenotes the comparability value. 6 is distinguishing or identification coefficient. As the value of this factor is smaller, the distinguishability is larger. In these calculations, 6 ¼ 0.5 was used. The grey relation coefficients were calculated by considering the ideal condition (reference sequence) x * 0 ðkÞ ¼ 1:0 and 6 ¼ 0.5. Then the grey relation grades were computed by equation (9):
The grey relation coefficients and the grades calculated from equations (5) and (9) for all nine sets of experiments are shown in Table VI . In Table VI , the experiment No. 3 has the highest grey relational grade, which indicates that the injection molding parameters used in this set (that is, injection pressure: 30 MPa, melt temperature: 3008C, injection speed: 60 mm/s, injection time: 3 s) gives better performance in terms of part shrinkage (dimensional error) and weight.
Influence of molding parameters
To assess the importance of molding process variable on the targeted multiple quality factors, grey relational analysis has been further extended by calculating the average grey relational coefficients at each level. The steps involve grouping the grey relational grades by process parameters level for each column in the orthogonal array, and calculating the average.
The level that has highest average grey relation grades indicates the optimal value of a specific parameter for better (Table VII) , the difference between the maximum and minimum value of the grey relational grade of injection molding process variables represents the significance of corresponding variable. It has been found that injection speed and melt temperature are the most significant variables for the desired part quality. Another key observation noted in this analysis is that all the four process variables are contributing best at their third level (highest). This indicates that DMLS molds need a higher range of process variables than the variables suggested in material data sheet. The final experiment was conducted using optimized process parameters (all four parameters at third level). The improvements in two quality factors were confirmed with increase in grey relation grades (0.8126, 0.8302 and 0.8188) in all three test runs conducted. The average shrinkage error measured with this confirmation tests was 1.64 percent, which is slightly more than its normal shrinkage, with marginal improvement in weight of molded part, which was 70.408 g. Although DMLS mold dimensions were varying in the range of 0.3-0.6 mm from the CAD model, majority of the dimensions of the molded part were within the range of 30-100 mm from the mold dimensions. Therefore, the desired tolerance^20 mm on central hole diameter has been achieved on molded part by machining of DMLS core pin before mold assembly. This mold was further used to produce 5,000 components, and to confirm its suitability further for rapid manufacturing, mold surfaces were tested for surface finish, wear, scratch, and corrosion resistance. These results are discussed next.
Mold surface characterization
In post-molding stage, the DMLS mold surface was studied under SEM to check the surface degradation or surface cracks formed after producing 5,000 molding. Figure 5 shows that mold surface does not undergo any severe damage even after producing 5,000 moldings ( Figure 5(a)) ; however, few subsurface micro cracks were observed after machining the mold surface to a depth of 0.5 mm. This implies that DMLS molds can easily produce few thousands of moldings with acceptable quality level using optimized parameters. The surface hardness measured was 62 HRB. The scratch test conducted using pointed diamond needle in a Scratch Tester 100 showed the minimum variation of traction force varied between 1 and 2.5 Nm. Similarly, the reciprocating wear test conducted on DMLS samples estimated the specific wear rate as 3.81 £ 10 2 11 m 3 /Nm, which is significantly less than steel mold surface (1.3 £ 10 2 15 m 3 /Nm). However, the corrosion test based on weight loss method using spray technique, shows good corrosion resistance of 1.2 £ 10 2 4 mil per year (one mil equals one thousandth of an inch).
Conclusions
This investigation was focused on understanding the effect of four important injection molding process variables on shrinkage and weight of the moldings produced in DMLS molds. Use of grey relational analysis found to be convenient and easiest method to estimate the significance of these process variables for multiple quality factors having different targeted objectives. In this study, it has been found that melt temperature and injection speed have almost equal influence, but more than that of injection temperature and pressure in achieving desired part shrinkage and higher part weight. These experiments using DMLS molds have shown that all process variables except injection pressure contributed significantly on shrinkage and weight at their highest (third) level. The optimized variables are compared with the range of variables suggested in processing data sheet of said polymer. This has indicated that the optimized variables are either near or slightly more than the corresponding upper limits. The surface characterization of DMLS mold even after producing 5,000 moldings did not show any visible damages, in spite of their low hardness, scratch and wear resistance properties. This study confirms the potential application of DMLS molds for producing few thousands of moldings of industrial quality, provided the process variables are optimized for specific mold geometry. The mold life however still poses a challenge for further improvement to enable them batch production molds. Authors are currently working towards hard coating of TiN, CrN by CVD and also plasma ion implantation on DMLS molds surface to enhance mold life, and preliminary experiments have shown promising improvements.
